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Abstract—Two-speed or multiple-speed automatic transmissions 
can obviously improve the overall manipulating performance in 
terms of shifting quality and energy efficiency when equipped in 
electric vehicles (EVs). This study details the design of a two-speed 
clutch-less automatic transmission (2AT) for EVs and the motor 
controlled shifting mechanism. Firstly, a novel two-speed clutch 
automatic transmission is devised with a motor-controlled shifting 
mechanism, which enables the shift motions and the speed control 
of the driving motor for synchronization during shifts. Secondly, a 
coordinated control strategy of the driving motor and controlling 
motor for shifting is detailed during different shifting processes to 
achieve fast and smooth shifting. The torque trajectory 
optimization during synchronizing process is attained by applying 
the Pontryagin's minimum principle. The simulation and 
experimental results verify the shifting mechanism design and the 
shift control algorithm in terms of shift response and smoothness 
for the designed 2AT. 
Index Terms—Coordinated control, electric vehicles (EVs), gear 
shifting control, two-speed automatic transmission (2AT). 
I. INTRODUCTION 
OWADAYS, electric vehicles (EVs) have attracted wide 
attention due to their mitigation of environmental 
pollution and greenhouse gas emission. Compared to internal 
combustion engine (ICE) driven vehicles, EVs feature the 
advantage of faster torque response and higher operating 
efficiency [1]. The powertrain system of EVs is mainly 
composed of battery, driving motor, transmission and reducer. 
Nowadays, most of EVs are equipped with a fixed ratio 
transmission, since the electric motor is able to operate in a wide 
speed range [2]. Electric motor features constant torque 
characteristics, which can provide maximum output from zero 
to a turning speed and consequent constant power as the speed 
increases [3]. However, the driving motor cannot operate in the 
high-efficiency region in both high and low speed range with a 
fixed gear ratio transmission, thus leading to lower energy 
transmitting efficiency [4].  
To improve the driving performance and powertrain 
efficiency, the multi-speed transmissions are introduced for 
EVs [5]. Ref. [6] compares energy consumption of EVs with 
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respect to the varied and fixed ratio transmission over a standard 
driving cycle and highlights that the overall energy efficiency 
can be improved by 5 to 12% when equipped with a multi ratio 
gearbox. Moreover, a multi-speed transmission also provides 
certain room of downsizing the motor power and reducing 
powertrain cost [7]. Currently, design and control research of 
multi-speed transmissions have been widely performed. To 
improve the operating efficiency and avoid the defect of 
massive size and weight, a three-speed transmission combining 
two motors and one clutch is introduced in [8]. Moreover, a 
four-speed automatic transmission (AT) with dual motors is 
applied in electric buses, and the shifting scheme is resolved by 
dynamic programming [9]. In addition, dual clutch 
transmissions (DCT) for EVs have been widely investigated in 
[10-12], where the driving motor, clutch, hydraulic clutch 
actuator and multi-body dynamics of powertrain are modeled. 
The corresponding power-on and power-off control strategies 
are designed for both up and down gear shifts. 
Nonetheless, the multi-speed transmissions discussed above, 
to the authors’ knowledge, are equipped with clutches or with 
more than two gears, indicating they include a complicated gear 
system and require multiple actuators [13]. Due to the high 
fabricating cost and complicated control strategy, it is difficult 
to be widely equipped in cost-sensitive EVs [14], such as 
commercial EVs including electric trucks and electric buses. In 
this context, two-speed clutch-less automatic transmissions 
(ATs), which originate from manual transmissions and are 
equipped with electric shifting mechanism, have been widely 
investigated and adopted. Unlike the DCT and AT with 
planetary gear deployed in passenger vehicles, the shifting 
process of the two-speed clutch-less AT needs to be power-off; 
however, this type of transmission has great advantages of low 
cost, simple structure and high transmission efficiency [15]. In 
[16], the performance comparison of EVs when equipped with 
different transmissions is discussed, and the results reveal that 
the two-speed AT can lead to a preferable energy consumption 
economy. Ref. [17] verifies that by employing proper control 
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strategies for the shifting mechanism and the driving motor, the 
gear shifting performance of clutch-less AT outperforms that of 
the traditional ones for EV applications. In summary, by 
deploying a two-speed clutch-less AT to EV, particularly 
commercial EVs, the size, weight and cost of the driving motor 
can be reduced, and the efficiency of EVs can be improved, 
only with the slight, or even neglectable, price of cost increase. 
Different from EVs with fixed ratio transmission, EV with 
AT entails fast and smooth shifting operations [18]. Currently, 
studies in terms of shift of AT can be divided into two main 
categories: design of shift mechanism and optimization of 
control method. To reveal the influences of driving motor and 
shift mechanism on the gear shifting performance of AT, a 
multi-body dynamics model is introduced in [19] to depict the 
transient behavior of the AT system during gear shifting. In [20], 
a novel dual-wedge shift actuator is introduced for attaining the 
self-reinforcement by choosing proper working slopes. By this 
manner, the self-weakening effect is avoided, and consequently 
the shifting duration is shortened.  
Actually, proper control of driving motor and shift 
mechanism can facilitate fast and smooth response of shifting 
[21]. For revealing the requirements of proper shifting control 
for a clutch-less transmission in EVs, Ref. [22] indicates that 
the driving motor with the capability of rapid mode-switching 
and shift mechanism with the robust position control are 
indispensable in shift operation. In [23], the calculus of 
variation is applied to determine the optimal angular-velocity 
schedule of driving motor during gear shifting, thereby leading 
to the optimal trajectory of transmission angular velocities. In 
[24], a hybrid automation model is put forward to optimize the 
shift force and relative rotational speed of different gears in gear 
engagement process for attaining smooth shifting. In short, the 
current shift control optimization focuses on optimizing the 
speed of the driving motor and the force of shift control motor.  
Obviously, the significant influence of driving motor control 
and the shift force control on shifting performance for EV has 
been a consensus. However, the structural design of the shift 
mechanism and shift force trajectory planning still need to be 
further investigated through analyzing the dynamic 
performance during the shifting process. Moreover, seldom 
research is focused on the coordinated control between the 
driving motor and shift mechanism, which can play a critical 
role in promoting the shifting performance. Motivated by this, 
this study designs a novel two-speed clutch-less automatic 
transmission (2AT) for EVs, and it only needs to control a 
single motor to rotate the camshaft unidirectionally through the 
worm gear mechanism, so as to facilitate fast and smooth 
shifting operation. Furthermore, the shifting process is 
optimized by conducting the coordinated control on the driving 
motor and shift mechanism. To this end, firstly, the camshaft, 
as a key component of the shift mechanism, is elaborately 
designed according to the detailed shift force analysis, and the 
parameters of the control motor of camshaft and the gear ratio 
of worm gear are optimized. Then, the coordinated control 
strategies of the driving and control motors are designed with 
the target of fast and smooth shifting by dividing the shifting 
process into three stages, i.e., before-gear-disengagement, gear-
disengagement and gear-engagement. For the gear-engagement 
stage, the working process of the synchronizer is investigated, 
and the torque trajectory of the shift control motor for 
synchronization is optimized by applying the Pontryagin's 
minimum principle (PMP). Finally, the simulation and 
experiment validation verify the feasibility of the novel 2AT 
mechanism and the consequent control strategy. 
The remainder of this paper is arranged as follows. Section 
II elaborates the detailed design of the proposed novel shift 
mechanism, which is mainly comprised of a camshaft, a control 
motor and a worm gear. Next, the shifting process of the 
designed 2AT is analyzed, and the control strategy of both the 
driving and control motors during different shifting processes 
is illustrated in Section III. In addition, the synchronizing 
trajectory of torques of control motor is optimized by the PMP. 
Section IV presents the simulation of the upshift and 
downshifting processes with the integrated vehicle control 
model, followed by an experimental validation. Finally, the 
conclusions and future work are drawn in Section V. 
II. DESIGN OF TWO-SPEED NON-CLUTCH AUTOMATIC 
TRANSMISSION 
As well known, manual transmissions feature simple 
structure, high efficiency, easy fabrication and low cost [25]. 
By incorporating advantages of manual transmissions, a 2AT is 
developed for EVs, of which the mechanical structure is 
depicted in Fig. 1. The power output of the driving motor is 
transmitted to the driving shaft through the designed 2AT. The 
transmission adopts a clutch-less design, which is equipped 
with an electric shift mechanism. Table I lists the main 










Fig. 1.  Structure of the two-speed clutch less automatic transmission. 
TABLE I 
MAIN PARAMETERS OF EV 
Parameters Value 
Air drag coefficient 0.8 
Frontal projected area 3.76 m2 
Roll resistance coefficient 0.0235 
Mass 3650 kg 
Rolling radius 0.375 m 
Final drive ratio 5.375 
Gear ratio  2.54/1.00 
The main components of shifting mechanism, shown in Fig. 
2, include a worm gear reducer, a synchronizer, a shifting fork, 
a control motor and a cylindrical cam that connects the control 
motor and the shifting fork.  
Among them, the key component is the cylindrical cam, 
which converts the rotational motion of the control motor into 
linear motion of the shifting fork to engage or disengage a gear. 
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Compared with conventional designs, where gear selecting and 
gear engaging are respectively controlled by a motor, the 
devised topology is simpler and more space-saving. Moreover, 
the worm gear reducer enables one-way lock, which will not 
transmit power in reverse direction during shifting. The 
synchronizer in this study is a single cone ring-type inertia 
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Fig. 3.  Structure of the synchronizer. 
A. Shift Force Analysis  
In the gear-engagement process, the shift force provided by 
control motor needs to overcome the maximum synchronization 
resistance, including the self-locking resistance of the sleeve, 
axial friction, synchronizing resistance and inertial resistance 
during gear-disengagement [26]. To eliminate the influence of 
unnecessary nonlinear factors and simplify model construction 
[27], some assumptions are made in this study, as follows: 
1) The vehicle is supposed to drive in a straight and flat road 
without wind, and the shifting is normally finished within 1 s. 
Hence, the road condition and vehicle speed are supposed to 
remain the same before and after shifting.  
2) The resistance coefficient of the friction cone and 
synchronizing resistance are considered as constant. 
3) The stiffness of the transmission is ignored. 
Based on these assumptions, a simplified dynamic model for 
the synchronizer when upshifting from 1st to 2nd gear is 








Fig. 4.  Synchronizer dynamic model.  
The synchronizer driving part is connected to the 
transmission input shaft including the driving motor, the 
transmission input shaft, the 1st driving and driven gear, and the 
2nd driving and driven gear; and the synchronizer driven part is 
connected to the gearbox shaft and to the differential, half axles 
and wheels. The frictional torque can be calculated, as: 
 0 / sins s sleeveT r F    (1) 
where sT  denotes the friction torque during synchronization, 
sleeveF  is the shift force applied to synchronizer ring, 0  is the 
friction coefficient of the friction cone, sr  denotes the friction 
radius of the synchronizer ring, and   is the inclination angle 
of the cone of synchronizer ring. The force of the synchronizer 
can be calculated, as: 
 se s s








  (2) 
where seJ  denotes the equivalent rotating inertia of the 
synchronizer driving part, veJ  is the equivalent rotating inertia 
of the synchronizer driven part, s  is the angular velocity of 
the synchronizer driving part, v  is the angular velocity of the 
synchronizer driven part, and vT  denotes the resistance torque 
at the synchronizer driven part. The friction torque of the 
synchronizer gradually eliminates the speed difference between 
the driving and driven part of the synchronizer. Thus,  
 1-2 2= /s eT J t    (3) 
where 1-2eJ  represents the equivalent rotating inertia of the 
synchronizer driving part on the 2nd driving gear, t  is the 
synchronization time, and 2  equals: 
 2 = / 30n     (4) 
where n  is the speed difference between the driving and 
driven part of the synchronizer. By combining (1), (3) and (4), 
















   (5) 
where =st t  denotes the synchronization time. Similarly, the 
















   (6) 
where 2-1eJ  denotes the equivalent rotating inertia of 
synchronizer driving part on the 1st driven gear. 
B. Design of the Shift Mechanism 
By assuming the synchronization time is 0.2 s, the maximum 
shift force can be calculated, as listed in Table I. According to 
the analysis of the shifting process of 2AT, the requirement of 
the shift mechanism to accomplish the shifting process includes 
that the shifting displacement is 18 mm, and the shift force 
should be not less 250 N. Fig. 5 describes the force analysis on 
the shifting fork pin in the expanded view of cylindrical cam. 
TABLE II 
MAXIMUM SHIFT FORCES 
Gear Rotating inertia (kg·m2) Shift force (N) 
1st to 2nd  0.0598 87.6 
2nd to 1st 0.1403 205.5 
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Shifting Fork Pin
 
Fig. 5.  Force analysis on the shifting fork pin. 
camT  is the camshaft torque, 
camN  is the resistance from the camshaft groove, camf  is the friction resistance 
from the camshaft groove, 
leverN  is the pressure of the shifting fork on the 
shifting fork shaft, 
leverf  is the friction resistance as the shifting fork moving, 
  is the helical angle of the cylindrical cam, and S is the required displacement 
of the shifting fork pin. 
The forces on the shifting fork pin can be formulated, as: 





      (7) 
where camr  is the camshaft radius, camJ  is the equivalent 
rotating inertia on the camshaft, cam  is the angular 
acceleration of the camshaft, and 
 cam cam camf N   (8) 
where cam  is the friction coefficient of the camshaft groove. 
Since the shifting fork shaft is fixed on the transmission case 
and cannot move along the horizontal axis, the force on the x-
axis can be balanced, and we can get: 
 sin cos 0lever cam camN N f      (9) 
The shifting fork moves on the vertical axis to achieve the shift, 
and we can get: 
 cam cam sleeve lever sleeveN cosλ - f sinλ - F - f = m a   (10) 
where sleevem  is the total mass of sleeve and the shifting fork. 
The friction resistance as the shifting fork moving leverf  and the 
axial acceleration of the sleeve a  can be calculated as: 
 cam cama = ω r tanλ   (11) 
 =lever lever leverf N   (12) 
where 
lever  is the friction coefficient of shifting fork shaft. By 
combining (7) to (12), the relationship between sleeveF  and camT  
can be yielded, as: 
 
(sin cos )
(1 )cos ( )sin
sleeve cam cam
cam








  (13) 
Then, the constraint of control motor can be formulated, as: 
 
(sin cos )
[(1 )cos ( )sin ]
sleeve cam cam
sm









  (14) 
where smT  is the torque of the control motor, wi  denotes the 
gear ratio of worm gear, and w  is the worm gear efficiency. 
Here we assume that the time required for gear-engagement is 
0.4 s, thus the relationship between the speed of the control 
motor and the angle of the shifting cam can be calculated, as: 
 =60 / (2 )sm cam w camn i t   (15) 
where smn  is the speed of the control motor, and cam  is the 
rotation angle of the camshaft, as:  
 / ( tan )cam camS r     (16) 






P    (17) 
By combining (13) to (17), the power requirement of the control 
motor can then be attained: 
 
 
0.001 (tan ) / ( )
tan 1 tan
sleeve cam w cam
sm




     


    
  (18) 
From (18), except sleeveF  and  , all the remaining parameters 
are available now. Table II shows that 250NsleeveF  . If sleeveF  
equals the minimum value, i.e., 250 N, the relationship between 
the control motor power and the helix angle of cylindrical cam 
can be calculated and presented in Fig. 6. As can be seen, when 
the helix angle of camshaft is 32.23°, the power of control motor 
is minimum and equals Psm=0.031 kW. Moreover, the selected 
power of control motor is generally greater than the minimum 
value. In this study, we choose a brushless DC motor as the 
control motor, of which the parameters are shown in Table III. 




























Fig. 6.  Relationship between the power of control motor and the helix angle of 
cylindrical cam. 
In this paper, the helix angle of camshaft in the synchronizing 
process is designed to be 32.5°, as illustrated in Fig. 7. By 
considering the structure and assembly of transmission, the 
radius of shifting cam is set to 0.018 m. Based on (16), the 
rotation angle of the camshaft is 45

 during the gear 
disengagement. However, the camshaft rotation angle should 
have a margin to ensure that the shifting fork pin fits in the 
groove when accomplishing gear disengagement/engagement; 
therefore, the rotation angle of the camshaft is set to 50°. 
Considering the requirements of shifting process and operating 
characteristics of driving and control motors, the rotation angle 
of each process of the camshaft is shown in Table IV. 
TABLE III 
PARAMETERS OF THE CONTROL MOTOR 
Parameters Value  
Power rating (kW) 0.05 
Peak power (kW) 0.1 
Rated speed (rpm) 2000 
Rated torque (N) 0.239 
Peak torque (N) 0.4775 




(1 )cos ( )sin
sleeve cam cam
w









  (19) 
when 
sleeveF  equals to 250 N. Now, the minimum value of the 
worm gear ratio can be calculated, as: 
 31.1wi    (20) 
Assuming that the control motor accomplishes the shifting 
process at the rated speed, the total time of the gear 
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n r  

    (21) 
where ecamn  is the rated speed of the control motor. Based on 










   (22) 
To sum up, the range of the worm gear ratio is 31.1 52.8wi  , 
and considering the power of the matched control motor is 
redundancy, the worm gearing ratio can be taken as a lower 
value, i.e., =32wi . 
TABLE IV 
CAMSHAFT ANGLE AT EACH SHIFTING PROCESS 
Parameters  Value  
Torque-releasing process 48° 
Gear-disengagement process 50° 
Speed-adjusting process 90° 
Gear-engagement process  50° 
Torque restoring process  48° 
In the next step, the shifting control strategy will be designed, 
and the corresponding analysis will be conducted. 
III. SHIFTING CONTROL STRATEGY OF THE 2AT 
In this section, a shift control strategy is designed, including 
the control of driving motor and shift control motor during 
different shifting processes.  
A. Shifting Process 
The in-plane movement of the shifting groove is divided into 
five sections, as shown in Fig. 7. As can be seen, when the 
shifting fork pin moves into the first part, the transmission is 
engaged in the 1st gear. Similarly, the fifth part is for the 2nd 
gear. The second and fourth parts represent the process of gear-
engagement or disengagement. The neutral position of the 












Fig. 7.  The expanded view of shifting groove. 
When the shifting fork pin locates in the first, third, or fifth 
part of the shifting groove, the rotational motion of camshaft 
does not generate the axial movement of the sleeve. Thus, the 
driving motor and control motor can work simultaneously to 
reduce the shifting time in these three parts through the parallel 
coordinated control. 
The shifting process can be divided into five steps: torque 
release, gear disengagement, speed adjustment, gear 
engagement and torque restoration. In the torque release 
process, the control motor is idle and waits for the torque 
clearance of the driving motor, and next in the gear 
disengagement process, the control motor drives the camshaft 
to move the shifting fork pin to the neutral zone. Then, as the 
shifting fork pin locates at the beginning of the neutral zone, the 
speed of driving motor begins to be regulated to the target speed 
of the next gear; and meanwhile, the control motor drives the 
camshaft to cross the neutral zone. Finally, the gear engagement 
and torque restoration are conducted; and after the control 
motor turns the synchronizer to engage into the target gear, and 
the torque of driving motor is restored. Note that in this study, 
the upshifting process is taken as the example. The downshift 
control process is similar to the upshift detailed in this paper.  
In the gear engagement/disengagement process, the driving 
motor operates in the free mode. The control strategy of the 
driving motor in other processes is detailed as follow. 
1)   Control Strategy for Torque-Release/Restoration  
The impact on shift smoothness during the processes of 
torque release and restoration is caused by the output torque 
variation of vehicle powertrain. To mitigate it, the torque 








   (23) 
where mT  is the torque of driving motor,   is the rotating 
mass coefficient, 
gni  is the gear ratio, 0i  is the gear ratio of final 
drive, m is the vehicle mass, r  is the wheel radius, and 1j  is 
the variation rate of torque on wheel, also known as shift impact, 
which should be smaller than 10 m/s3 according to the 
engineering experience. 
2)   Control Strategy for Speed-adjusting Process 
In this process, the driving motor operates in the speed mode, 
and the driving motor speed is controlled to follow the target 
speed, which can be calculated, as: 
 
0= targat gnn n i N   (24) 
where 
targatn  is the target speed of the driving motor, 0n  is the 
speed of the transmission output shaft, and N  is the 
adjustment value of the target speed, which is taken as 50 r/m 
in each control period. 
B. Control Strategy of the Control Motor 
According to the position of the synchronizer, the control 
strategy of the control motor is detailed in two shifting 
processes: the gear-disengagement and gear-engagement.  
1)   Control Strategy for Gear-Disengagement Process  
Once the torque of the driving motor is zero, the control 
motor drives the shifting fork pin to move from the 1st gear zone 
to the neutral zone. When the driving motor conducts the speed 
adjustment, the control motor will drive the shifting fork pin to 
the end of neutral zone. The axial movement of sleeve in this 
process should be subjected to the inertial resistance, as: 
 
2-1= /inertia e v synF J r   (25) 
where inertiaF  is the inertial resistance during the gear-
disengagement process, v  is the angular velocity of 
synchronizer driven part, and 
synr  is the reference radius of the 
synchronizer ring. The dynamic equation of the camshaft can 
be obtained by (7), (9) and (25), as: 
( )
[1 ( ) ]
e2-1 cam ring v came
cam cam sm w w
syn cam lever cam lever
J r μ ω tanλ+ μ
J = T i η
r μ μ μ + μ tan
 
 
  (26) 
where 
ringμ  is the friction coefficient between the sleeve and 
the synchronizer ring, 
cam  is the angular acceleration of the 
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camshaft rotation angle, and the equivalent rotating inertia of 
the camshaft e





e sleeve cam cam
cam cam
cam lever cam lever




    

  
  (27) 
since the torque of the driving motor has been reduced to 0 Nm, 
vω  is a determined value. Thus, the resistance torque to 
camshaft 
fT  can be calculated, as: 
 
( )
[1 ( ) ]
e2-1 cam ring v cam
f
syn cam lever cam lever
J r μ ω tanλ+ μ
T
r μ μ μ + μ tan

 
  (28) 
then, eq. (26) can be expressed as: 
 e
sm w w f cam camT i η T J     (29) 
Eq. (28) can be used to establish the optimum control model 
for the gear-disengagement process. The rotation angle of the 
camshaft cam   and its changing rate cam   are set as state 
vectors, as shown in (30), the output torque of the control motor 
is set as the control vector, as shown in (31), and the boundary 

















      
               
 
  (30) 
 smu T   (31) 
 
1 2( )fx t     (32) 
where 
ft   and 2  denote the end time and the angular 
displacement during the gear-disengagement process. In 
addition, an admissible condition of smT  is defined by: 
 
sm_max sm sm_maxT T T     (33) 
where 
sm_maxT  denotes the maximum output torque of the 
control motor. The optimal time of gear-disengagement is taken 
as the performance function to ensure the gear-disengagement 





J dt  (34) 
The optimal control trajectory for the torque of control motor 
during the gear-disengagement process can be formulated as: 
 
_( )sm sm maxT t T   (35) 
2)   Control Strategy for Gear-engagement Process  
Before applying the control strategy of control motor during 
the gear-engagement process, the synchronizing process is 
analyzed in detail.  
(a) Analysis of the Working Process of Synchronizer 
According to the relative position among the sleeve, 
synchronizer ring and gear ring, the synchronizer working 
process is divided into four phases: before-synchronizer-
locking phase, synchronizer-locking phase, after-synchronizer-
locking phase and engaging-target-gear phase [28]. Fig. 8 
shows the synchronizing process of the 1st to 2nd upshift. 
Phase 1: Before-Synchronizer-Locking Phase. 
As shown in Fig. 8 (a), the sleeve drives the slider to move 
towards the gear ring to eliminate the gap between the 
synchronizer ring and the gear ring. By respectively assuming 
that the rotational speed of the sleeve, the synchronizer ring and 














Fig. 8.  Synchronizing process of the synchronizer. 
Phase 2: Synchronizer-Locking Phase. 
As shown in Fig. 8 (b), the sleeve cannot move any further 
because of the conflict with the ring. The synchronizer is locked, 
and a force NF  is generated on the synchronizer ring and is 
decomposed into an axial force 1F  and a tangential force 2F , 
which respectively generate a friction torque sT , trying to 
reduce the speed difference between the driving and driven 
parts of the synchronizer ring, and a torque cT  attempting to 
reverse the rotation of the synchronizer ring.  
Phase 3: After-Synchronizer-Locking Phase. 
As shown in Fig. 8 (c), when n2 is equal to n3, there is not any 
speed difference between the synchronizer ring and the gear 
ring, and thus the friction torque sT  disappears. At this moment, 
cT  will drive the ring to rotate to the half tooth of the spline 
teeth, and the sleeve will continue to move towards the gear ring 
under the shift force; however, the sleeve spline tooth is still not 
aligned with the gear ring tooth space. 
Phase 4: Engaging-Target-Gear Phase. 
As shown in Fig. 8 (d), as the sleeve tooth is not aligned with 
the gear ring tooth space, a torque would be generated to rotate 
the gear ring. At this moment, the sleeve will continue to move 
to the left, and then engage completely with the 2nd gear. A 
control strategy is adopted to improve the synchronizing quality, 
which is shown in Fig. 9. In the next step, the four phases of the 
synchronizing are divided into two parts: non-synchronizer-












1 2S S S 
1S S
Start the selecting gear
Calculate the synchronizer
        displacement S
Algorithm of 
    phase 1
Algorithm of 
    phase 2
Algorithm of 
    phase 3
Algorithm of phase 4
End the shifting gear  
Fig. 9.  The control strategy of the synchronizing process. S is the synchronizer 
displacement, S1 denotes the displacement before-synchronizer-locking phase, 
and S2 means the displacement after-synchronizer-locking phase. 
(b) Control Strategy for Non-Synchronizer-Locking Phase 
The non-synchronizer-locking phase includes phase 1, 3 and 
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4. The phase 1 is considered as an example to detail the control 
strategy, whose target is to regulate the torque to move the 
sleeve quickly for shortening the phase time. However, to avoid 
the tooth collision between the sleeve and synchronizer ring 
before the synchronizer locking, it is imperative to guarantee 
that the time 1t  for the synchronizer ring to rotate one tooth 
width should not be longer than the time 2t  for the sleeve to 










  (36) 
where n  denotes the speed difference between the driving 
and driven part of the synchronizer, z  is the number of teeth on 
the synchronizer,   is the tooth width of the synchronizer ring, 
and sleevev  is the sleeve speed. The sleeve speed can be obtained 
from (37), as: 
 / 60sleevev nz    (37) 
In this phase, a proportional-integral (PI) controller is 
employed. The control algorithms of phases 3 and 4 are similar 
to that of phase 1.  
(c) Control Strategy for Synchronizer-Locking Phase 
A multi-objective optimization problem among shift impact, 
sliding-friction work and locking time of synchronizer is built 
in the synchronizer-locking stage during the gear-engagement 
process. According to (2), the state vectors and control vectors 
can be established. The angular velocity s  of the synchronizer 
driving part, the angular velocity v  of the synchronizer driven 
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The synchronizing friction torque sT  and its variation rate sT  
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  (40) 
Based on the assumptions made previously, the torque variation 
vT  for synchronizer driven part is 0. Thus, we can get: 
 ( , , )X f X U t   (41) 
On the basis of the parameters of the shift actuator detailed 
previously, a maximum synchronizing friction torque can be 
yielded, that is max =10.11sT  Nm, therefore 
 0 10.11sT    (42) 
The torque variation rate of control motor should meet the same 
requirement of the shift impact according to the engineering 
experience, which is from 0 to 10 m/s3, and the range of the 







    (43) 
And the initial condition can be defined as: 
 0 0( )X t X   (44) 
where 0t  is the initial time of the synchronizer-locking phase. 
The terminal constraint is: 
 ( ), 0f fG X t t      (45) 
where 
ft  is the end time of the synchronizer locking phase, and 
G  denotes a differentiable function. The sliding-friction work 
and shift impact are taken as the optimal performance function 








J K T K j dt        (46) 
where J  is the performance function, 1K  and 2K  are the 
weight coefficients of the sliding-friction work and shift impact, 
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It is known that finding the minimum value of (47) is a typical 
optimal control problem. Consequently, PMP is introduced for 
solving the optimal value of ( , , )L X U t   [29]. According to 
PMP, the Hamiltonian function can be formulated with a co-
state variable  , as: 
 ( , , , ) ( , , ) ( , , )TH X U t L X U t f X U t     (49) 
Then, we can get: 
2
2 3
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 (50) 
The necessary conditions of finding the minimum J  is to 
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  (51) 
The Hamiltonian function defines the minimum value on the 
optimal state *X  and the optimal control variables 
*U , as:  
 * * * * *, , , = , , ,H X U t minH X U t          (52) 
The control equation, boundary condition and transversely 
condition are given as:  
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 ( ) 0fH t    (54) 
 ( ) 0ft    (55) 
Then, the optimal trajectories of each control vector and state 
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  (56) 
where a  is one of the characteristic root of the co-state variable 












  (57) 
Finally, by combining (1), (14) and (56), the optimal 





















sm smT aT t e   (59) 
The optimal trajectory smT  of the control motor and its variation 
rate 
smT  are related to a  and 
1/3
1 2( / )K K  , of which the latter 
1/3
1 2( / )K K can determine the shifting quality to some extent. 
By assuming that 0( ) 0.0239 NmsmT t  , the relationship 
between the shifting time, the shift impact and the sliding-
friction work with 1/3
1 2( / )K K  is gained through simulation, as 

















































































Fig. 10.  Relationship between the shift quality and 
1/3
1 2( / )K K . 
As can be found in Fig. 10, with the increase of shift impact, 
the synchronizer locking time and sliding-friction work are 
reduced. However, the value of sliding-friction work is much 
less than the allowed value. Therefore, the shifting quality 
depends on the synchronizer locking time and shift impact. The 
optimal performance in this phase can be evaluated according 
to the limit of shift impact, which should be lower than 10 m/s3. 
Therefore, 1/3
1 2( / )K K  can be determined, and the optimal 
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  (60) 
IV. SIMULATION AND EXPERIMENT VALIDATION  
To test the effectiveness of the proposed shift mechanism and 
shifting strategy of 2AT for EV applications, simulation based 
on Matlab/Simulink and experimental validation of a prototype 
are conducted. The upshift and downshift processes are 
performed for evaluation. 
A. Simulation Results of the Upshifting process 
We assume that the upshift speed is 50 km/h for simulation 
validation. Fig. 11 shows the camshaft position and the timing 
of the motor in this process. Fig. 11 (a) shows the camshaft 
position corresponding to Fig. 7. Fig. 11 (b) depicts the timing 
of the control motor, in which “0” represents a non-working 
mode, “1” represents the pre-gear-disengagement, “2” 
represents the gear-disengagement, and “3” represents the gear-
engagement. The control motor does not stop operating during 
the whole shifting process, thus effectively avoiding frequent 
start and stop and prolonging its working life. Fig. 11 (c) shows 
the timing of the driving motor, in which “0” represents the free 
mode, “1” represents the torque mode, and “2” represents the 
speed adjusting mode. As shown in Fig. 11 (b) and (c), the total 
duration of parallel control is 0.33 s, which means that if the 
traditional serial control strategy is applied, the upshift time will 
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Fig. 11.  Camshaft position and motor timing. 
Fig. 12 and Table V detail the simulation results of the 
synchronizing process. The sleeve speed increases first and then 
decreases, according to Fig. 12 (a), (c) and (d). Moreover, the 
maximum sleeve speed is lower than 0.12 m/s during the 
before-synchronizer-locking phase, and the minimum speed is 
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0.032 m/s. Therefore, the PI controller may not only reduce the 
gap quickly, but also control the speed well so as to avoid the 
phenomenon of tooth braking and the associated impact.  
TABLE V  



























1.286 1.306 1.326 1.346 1.350 1.370 1.390 1.410




















































































































































Fig. 12.  Simulation results of the synchronizing process. (a) Before-
synchronizer-locking phase; (b) Synchronizer-locking phase; (c) After- 
synchronizer-locking phase; (d) Engaging-target-gear phase. 
In the synchronizer-locking phase, the control motor 
increases torque rapidly to the maximum output torque for 
eliminating the speed difference between the driving and driven 
parts, and the total time for this phase is only 0.069 s. 
Simultaneously, the maximum shift impact is 6.19 m/s3, which 
is less than the limit of maximum shift impact. Therefore, the 
shift quality is obviously improved by the control algorithm for 
synchronizing torque optimization, in terms of responsiveness 
and smoothness.  
As shown in Fig. 13, the shift impact during shifting process 
is less than 10 m/s3, the speed fluctuation is low, and the shifting 
time is 0.602 s. Besides, the vehicle speed increases and 
maintains the preferable power performance. It can be found 
that the novel shift mechanism and proposed shifting control 
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Fig. 13.  Simulation results for the upshifting process. 
B. Simulation Results of the Downshifting process 
Fig. 14 shows the simulation results of downshifting process. 
As can be seen, the time of the downshifting process is 0.675 s, 
slightly longer than the upshifting process, but still less than 1 
s. The shift impact during the whole downshifting process is 
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Fig. 14.  Simulation results of the downshifting process. 
C. Experiment Results of the Shifting Process 
A prototype including the transmission and shifting 
mechanism is fabricated in real scale, as shown in Figs. 15 and 
16, to evaluate the proposed design and control method. The 
test bench is composed of the 2AT system with a transmission 
control unit (TCU), a driving motor, a motor control unit 
(MCU), an inertia flywheel and a load motor. The output torque 
of the transmission is measured by a torque sensor. 
·




























Fig. 16.  Structure of the test bench. 
The experiment results of upshifting and downshifting 
processes are as Fig. 17. The time of upshifting and 
downshifting is 0.60 s and 0.72 s, respectively. Moreover, the 
fluctuation of transmission output torque is quite low, 
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guaranteeing the comfort during shifting. As can also be found 
from Fig. 17, the shifting impact in the experimental result 
showcases a similar trend, compared to the simulation results. 
That is, regarding the torque-release/restoration process at the 
beginning and end of the shifting process, the experimental 
results show that the motor can quickly complete torque 
adjustment in about 0.1 s and suppresses the shifting impact 
under the limit of 10 m/s3. In the gear-engagement process, 
which occurs from 0.46 s to 0.6 s (see Fig. 17 (a)) and from 0.57 
s to 0.73 s (as shown in Fig. 17 (b)), the shifting impact caused 
by the synchronizer locking is controlled within around 5 m/s3. 
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Fig. 17.  The experimental results for the shifting process. (a) Upshifting 
process; (b) Downshifting process. 
Furthermore, the system detailed in [22] is introduced for 
shifting performance comparison. In this benchmark system, 
the motor and transmission are also directly connected without 
clutch, and an active-synchronization strategy is implemented 
for the speed synchronization of the motor and transmission. 
Note that the shifting time of the system in [22] is 0.79 s. Instead, 
as can be found from Fig. 18, the shift time of the proposed 
system is 9.8% faster than the benchmark system. Moreover, 
the maximum shift impact during gear engagement process of 
the proposed system is 4.6 m/s3, which is 8% less than that of 
the benchmark system. Additionally, the maximum shifting 
impact during the whole process is almost identical, both within 
10 m/s3. In short, the designed 2AT system associated with the 
advanced control algorithm outperforms the system in [22]. To 
sum up, the proposed novel 2AT system for EV achieves the 
anticipated shifting performance through the validation of the 
comprehensive test. 
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Fig. 18.  The comparison results of the shifting process. 
V. CONCLUSION 
In this paper, a 2AT system is put forward with a special shift 
mechanism, which is composed of a control motor, a worm gear 
mechanism and camshaft, and features small size, rapid shifting, 
and simple structure. A parallel coordination control strategy 
for the control motor and driving motor is developed for the 
shifting processes. The control algorithm with an optimization 
of synchronizing torque based on PMP is proposed to 
significantly improve the shift quality in terms of shift 
responsiveness and smoothness. The validation of the shifting 
processes is conducted, and the effectiveness of the novel 2AT 
system was verified on test bench.  
Although this research has validated the effectiveness of a 
prototype for the proposed 2AT on best bench, some work still 
needs to be performed to achieve its application. The parameter 
design of shift mechanism is based on a flat surface, and 
theoretically, there is a reasonably curved surface for force 
application to maximize the acceleration of shifting fork at each 
position, which can reduce the shift time. Moreover, it is 
necessary to carry out tests concerning the transmission 
efficiency, noise, dynamic stiffness, and fatigue life to verify 
the transmission performance and durability. 
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